Abstract Determination of the toxic diethylene glycol contamination in ethyl alcohol demands a rapid, accurate and reliable method. Diethylene glycol (DEG) ingestion, accidental or intentional, can lead to death. Clinical and analytical methods used to detect diethylene glycol in alcohol require several hours to days due to tedious instrument handling and measurements. Enzymatic assays face difficulty due to analytic problems. As an alternative method of data analysis, we have used γ-ray spectroscopic method to estimate the diethylene glycol contamination in alcohol by monitoring the variation in the linear and mass attenuation coefficients. This method is simple, robust, portable and can provide reliable and quantitative information about the ethyl alcohol adulterated with diethylene glycol which is of broader interest to society.
Introduction
Diethylene glycol (DEG) is a colorless, odorless, hygroscopic solvent, soluble in water and ethanol (Marraffa 2014) . Diethylene glycol is used in the manufacture of resins, plasticizers, morpholin etc. and as a solvent in the synthesis of nitrocellulose, organic compounds, skin screen, deodorants and lotions. It is also used as a coolant, lubricant, brake fluid, artificial fog and antifreeze (O'Neil 2006) . Expensive wines are often adulterated with the addition of fruit juices, toxic chemicals such as methanol, lead acetate to induce sweetness, cinnamon and ginger to compensate for color and flavor (van der Linden-Cremers and Sangster 1985; Molotsky, 1985) . Depending on the level of consumption of toxic adulterant, the toxicity level will be graded (Schep et al., 2009; Ferrari 2005; Megarbane et al., 2005) . Diethylene glycol is orally ingested accidently or intentionally is readily absorbed through the gastro intentional tract and distributed in the blood stream throughout the body and the concentration reaches peak in 2 h (IPCS., 2001; Marraffa et al. 2008) . The lethal dose of diethylene glycol is estimated to be 100 mL/kg. Liver will be able to metabolize 80 % of the absorbed diethylene glycol and broken down into oxalic acid as an end product using alcohol dehydrogenase enzymes. Oxalic acid will then react with calcium content in the blood to form calcium oxalate which gets deposited in the tissues and renal tubes of kidney and brain thus inhibiting the electron transport chain (Ballantyne et al. 2005; Hanif et al. 1995; Victor et al., 1998) . There are other effects such as CNS manifestations, ocular paresis, myoclonus, seizures, somnolence, disorientation, agitation, euphoria. Diethylene glycolalso increases serum osmolarity with osmolar gap, serum creatinine concentration, oliguria, hypertension, cardiac dysrhythmia, hyperkalemia, hyponatremia, progressive lethargy, facial paralysis, dysphonia and coma leading to death (Hovda et al., 2004; Hovda et al., 2004) .
The most commonly used analytical methods for the detection and quantification of diethylene glycol are based on gas chromatography coupled to flame ionization detection (FID) or mass spectrometric detectors (Felver et al., 1980; Ballarin 1980; Castle et al., 1988; Maurer and Kessler 1988; Shin et al., 2008; Williams et al., 2000; William et al. 2010; JoEtta et al. 2011 ). There are reports on the use of (Livesey et al. 1995; JoEtta et al. 2011; Hague Health Council report, 2007) of GC method to determine many alcohols and diols of clinical interest without interference. Colorimetric and enzymatic methods and automated chemical analyzers could be potentially adapted for use at the point of care.
Analysis of ethyl alcohol adulterated with diethylene glycol is difficult and also most of the analytical methods mentioned are destructive to the samples. Diethylene glycol generally requires manipulation of the sample by derivatization prior to its estimation in majority of clinical laboratories and also need to obtain an assay for the determination of diethylene glycol levels (Bonn, 1985; Eder et al. 1998; Juenke et al., 2011) . γ-ray spectroscopy is generally used in nuclear science research. Interaction of γ-ray radiation with solids/solutions/gases can provide significant information about the chemical constituents present in the sample. The photon-attenuation coefficient and mass absorption coefficient depends on the energy of the incident γ-ray radiation and the chemical composition of the sample (Hubbel and Seltzer, 1982) . The linear attenuation coefficients of KCl, NH 4 Cl, FeSO 4 , CoSO 4 , carbohydrates, phenol, nitroaniline, urea and lactose in milk at different concentrations have been reported using γ-ray spectroscopic technique (Gerward 1996; Teli and Chaudhari 1996; Teli 1998; Chaudhari and Nathuram 2010; Chaudhari and Rathod 2013; Mitkar and Dongarge 2012; Mudahar et al., 1991) . We have recently reported the detection and quantitative estimation of melamine content in milk powder using γ-ray spectroscopy (Udagani and Ramesh 2014) . Till date there are no reports on the application of γ-ray spectroscopy to determine the diethylene glycol adulteration in alcohol. The linear attenuation coefficients of diethylene glycol, ethyl alcohol and the mixture of diethylene glycol and ethyl alcohol was measured using γ-ray spectroscopy. The linear attenuation coefficient increases with increase in the quantity of diethylene glycol in alcohol. The technique used is non-destructive, handy and portable in nature which has an advantage over other methods.
Experimental work

Materials and methods
Diethylene glycol and ethyl alcohol were procured from SD Fine Chemicals, India and used without purification.
Calibration
The preliminary experiments were carried out to determine stability and linearity of the γ-ray spectrometer.
The energy resolution of the γ-ray spectrometer was found to be 6 % at 0.662 MeV. Experiments were carried out to measure the linear attenuation coefficients of diethylene glycol and ethyl alcohol separately to obtain the standard curves.
Sample analyses
Diethylene glycol-ethyl alcohol mixtures were taken at different volume ratio and heights and their linear attenuation coefficients were measured.
Theory
The intensity of γ-ray radiation after transmission through the sample of thickness 'x' is:
Where'I 0 'and'I' are initial and final intensities of γ-ray radiation and 'μ' is the linear attenuation coefficient of the sample. The above equation is modified i.e., I = I 0 e −μh where'I' is the intensity of γ-radiation after traversing the height'h' of chemical solution. Using the density (ρ) and linear attenuation coefficient (μ) values,information about the mass attenuation coefficient (μ/ρ) can be evaluated. For chemical mixtures, the total mass attenuation coefficient (μ/ρ) is related to the (μ/ρ)values of each constituent component. The total mass attenuation coefficient (μ/ρ) of chemical solution can be calculated by using the mixture rule
Where'w i 'is the weight fraction of the i th constituent. If we mix diethylene glycol in ethyl alcohol, homogeneous solution The GSpec γ-ray spectrometry system consists of NaI (Tl) crystal detector of size 2″x2″and multichannel analyzer (MCA). Spectrum Acquisition and Analysis Software (SAAS) was used for data acquisition and control during the experiment. The calibration of energies was carried out using Co-60 (1.17, 1.33 MeV) and .
The concentration of a solution can be defined as amount of solute dissolved in the solvent. Concentration can be expressed using i) percent composition, ii) w/w%, iii) v/v%, iv) normality, v) molarity, vi) molality. The concentration in terms of percent composition by volume and the percent composition by weight are described.
The percent composition by v/v (%) of the solute by the total volume of the solution is given by
Variable parameters to estimate linear and mass attenuation coefficients
The variation in the linear attenuation coefficient by mixing the varying percent composition by volume (%) of diethylene glycol in ethyl alcohol was examined. The linear attenuation coefficients of ethyl alcohol, diethylene glycol, 20, 27.27, 33.33 and 38.46 % composition by volume of diethylene glycol in ethyl alcohol was recorded.
80 mL ethyl alcohol was taken in a measuring cylinder and 20 mL of diethylene glycol was added to it, to prepare 20%v/v of diethylene glycol in ethyl alcohol. To prevent the evaporation of the ethyl alcohol in the solution, top of the cylinder was gently wrapped with para film. The glass cylinder was gently invert several times until the ethyl alcohol and diethylene glycol is mixed homogeneously. The 27, 33.33 and 38.46 % solutions were prepared using the above procedure.
The γ-ray spectrometry was tested for resolution, linearity and stability characteristics. The resolution of the detector was 6 % for 0.662 MeV γ-rays at 750 V. The schematic representation of the experimental setup is shown in Fig. 1 . The 137 Cs radioactive source was placed in line with the γ-ray spectrometer assembly and the spectrum of γ-rays without sample was acquired for 100 s. The Region of Interest (ROI) and peak were selected. The SAAS provides integral counts, background counts and difference between the integral and background counts under ROI. For fixed experimental geometry, the photopeak appears at 0.662 MeV when 137 Cs radioactive source was used. Using the above experimental Table 1 ). Ethyl alcohol was filled into the glass beaker to a height of 1 cm. With the same detector-source geometry the counts under ROI was noted for 100 s for ethyl alcohol.
The experiment was repeated with different height of ethyl alcohol. The same procedure was employed for the determination of attenuation coefficients of diethylene glycol and different concentrations of ethyl alcohol-diethylene glycol solution mixtures and the values are tabulated in Tables 2  and 3 . Diethylene glycol, ethanol and the mixtures of diethylene glycol-ethanol (circles) exhibits a linear increase over height.
Results and discussion
Adulteration of food and beverages using cheaper and harmful substituents is a major problem faced by the humanity. Mixing cheaper solvent i.e. diethylene glycol in alcohol based beverages to induce sweetness and reduce the cost has caused thousands of death each year (Risk Assessment studies, 2003; Spink 2014). The analytical techniques used to detect such adulterants is not fool proof hence it is essential to explore the validity of the reported methods and use alternative and nondestructive technique which is free from the usage of other reagents to detect qualitatively as well as quantitatively the presence of diethylene glycol in ethyl alcohol. Linear attenuation coefficient
The densities of ethyl alcohol and diethylene glycol are 0.789 and 1.12 g cm −3 respectively. Presence of diethylene glycol in ethyl alcohol results in the variation in the bulk density of ethyl alcohol. This variation will affect the linear attenuation coefficient of ethyl alcohol and has been measured using γ-ray spectroscopy effectively.
Accuracy and linearity
Figures 2 and 3 show the plots of ln (I 0 /I) vs path length (i.e. thickness in cm) for ethyl alcohol and diethylene glycol separately using the spectral analyses data shown in Tables 1 and 2 . The linearity of the data for diethylene glycol and ethyl alcohol were evaluated by varying different heights of ethyl alcohol and diethylene glycol respectively. Figures 1 and 2 show the linearity and accuracy determined using linear regression equation i.e. y=−0.0010+0.06821x; r=0.9999±0.0017 for ethyl alcohol and y=−0.00326+0.0967x; r=0.9999±0.00156 for diethylene glycol respectively. The Table 3 shows the spectral analysis data for diethylene glycol-ethyl alcohol mixture. The experimental data are fitted by the least square method. Linearity was assessed for diethylene glycol/ethyl alcohol over different heights of 1-5 cm. Figure 4 shows the variation of linear attenuation coefficient of diethylene glycol-ethyl alcohol mixture with varying percentage composition by volume of diethylene glycol in ethyl alcohol; the linear attenuation coefficient of diethylene glycol-ethyl alcohol mixture varies linearly with varying %composition by volume of diethylene glycol. The linear and mass attenuation coefficients increase with an increase in the presence of diethylene glycol in ethyl alcohol (see Fig. 4 ). The energy resolution of NaI (Tl) detector is usually 6 % at 0.662 MeV gamma rays. The detector can be used to carry out experiments even at lower weight ratios of diethylene glycol and ethyl alcohol. The densities of diethylene glycol and ethyl alcohol and their mixtures are different. Hence to observe the significant changes in the density of bulk ethyl alcohol where diethylene glycol is present we have used 20 wt% of diethylene glycol. This does not indicate the limitation of the technique.
Conclusion
The study of linear attenuation coefficients of ethyl alcohol, diethylene glycol and solution containing diethylene glycol in ethyl alcohol using γ-radiation energy of 0.662 MeV explores the validity of the linearity in pure diethylene glycol and ethyl alcohol. The differences in the densities of standard solvents such as ethyl alcohol, diethylene glycol and the diethylene glycol adulterated ethyl alcohol affect the linear attenuation coefficient values. The article provides an alternative technique for the determination toxic chemical constituents used to adulterated ethyl alcohol. The proposed γ-ray spectroscopic technique is one of the potential tool which can provide realtime quantitative information about the presence of diethylene glycol in ethyl alcohol at lower cost and can be used for routine monitoring of diethylene glycol in ethyl alcohol. 
